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THE ESTIMATION OF BODY MASS FROM HUMAN SKELETAL REMAINS 
KAREN R. BOTTENFIELD ST. GEORGE 
ABSTRACT 
 The ability to estimate body mass from human skeletal remains with a high degree 
of accuracy would be significant for the identification of identifying unknown individuals 
in a forensic anthropology context, documenting secular change in modern populations, 
and evaluating any prevalence in prehistoric populations.  Modern research 
investigating body mass incorporates one of two models:  morphometric and 
biomechanical.  The morphometric model views the body as a cylinder, where weight 
estimates are gathered from extreme points such as the breadth of the pelvis.  In contrast, 
the biomechanical model incorporates engineering principles and biology to understand 
the effects of mass on the human skeleton.  Only the biomechanical model can 
accommodate extremes in body mass, such as those exhibited by modern populations. 
This study examined the accuracy of estimating body mass (obesity in particular) 
from human skeletal remains using a suite of traits shown to be significant in previous 
studies, including documented biomechanical analysis of obese individuals involving gait 
and sit-to-stand (STS) movements.  It was hypothesized that using a combination of 
methods, body mass could be estimated with a high degree of accuracy.   Using a large 
skeletal sample (n = 191), composed of male and females with documented age, weight, 
and height, the following three variables were examined:  (1) the spinal manifestation of 
diffuse idiopathic skeletal hyperostosis (DISH), (2) osteoarthritis (OA) of the tibiae, and 
(3) external femoral dimensions.  These were then subject to statistical tests.   
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Spearman’s rank-order correlation and Mann-Whitney U tests showed significant 
relationships between DISH and obesity in females (p<.05), but not for males.  The 
presence and severity of OA of the medial condyles were also significantly related to BMI 
in females (p<.05).  In males, the relationship between BMI and OA was only significant 
on the condyles of the right tibiae (p<.05).  Finally, ANOVA and Pearson’s product-
moment correlation tests were performed to evaluate the cross-sectional dimensions of 
the femur.  The effect of age, stature, and BMI were also examined.  ANOVA results 
showed a significant effect between BMI and M-L cross-sectional dimensions among both 
sexes (p<.05).  Initial Pearson’s tests performed separately on males and females showed 
no significant correlations; however, after the sexes were pooled, small to moderate 
negative correlations between the M-L/A-P ratio along the diaphysis of the femur and 
BMI were found.  Finally, multiple regression analyses were performed.  The models for 
both sexes with all ten variables was statistically significant for BMI.  The final accuracy 
rate was 78.48% for females and 84.37% for males.  
The primary goal of this study was to evaluate Moore’s (2008) body mass 
estimation study.  In this investigation, however, all dimensions of the femur were 
performed using an osteometric board and sliding calipers following the guidelines used 
by Agostini and Ross (2011).  The results of this study paralleled many of the 
observations seen in previous studies, particularly the M-L lateral widening of the femur.  
Future research should continue to examine the relationship of DISH and OA with body 
mass, particularly regarding the varying manifestations between the sexes and 
confounding factors such as age. 
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CHAPTER 1:  INTRODUCTION 
Aspects of the biological profile of human skeletal remains include estimates of 
age at death, sex, stature, and ancestry.  The skeletonized bony remains of individuals are 
important for the accurate identification of unknown remains in forensic anthropological 
contexts.  A factor missing from these profiles, however, is body mass (or weight).  With 
rates of obesity in the United States exceeding 30% of the population and annual 
mortality rates attributed to excessive weight surpassing 2 million worldwide (Centers for 
Disease Control and Prevention, 2014a; World Health Organization, 2014), it is 
becoming increasingly relevant to establish if extremes in body mass can be identified 
from features of the skeleton and then included in the biological profile (Agostini and 
Ross, 2011; Godde and Taylor, 2011; Moore and Schaefer, 2011; Kapetanakis et al., 
2012). 
 Minimal research has been conducted on the effects that obesity may exert on the 
human skeleton.  Predominantly, most studies have focused on specific aspects of 
mechanical loading and the compensatory acts in response to the increases of weight 
(Agostini and Ross, 2011).  Among other studies, specific aspects of cross-sectional 
geometry of the long bones, bone mineral density (BMD), and pathological observations 
have produced significant results.  Ruff et al. (1991) found strong correlations to femoral 
diaphyseal dimensions and the adult body weight.  The research involved subperiosteal 
measurements calculated from radiographs of living individuals of known age and 
weight.  They concluded that mechanical loading of the long bones in adults (over 18 
years of age) can produce changes in the cross-sectional geometry of the femur based on 
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bone remodeling mechanisms.  The breadth of the femoral head, however, was found to 
be more indicative of weight estimates for individuals under the age of 18 (or former 
weight) due to the constrictive nature of the joint within the acetabulum in adulthood 
(Figure 1). 
 
 
Figure 1.  Outline of femoral head and neck.  Adapted after Ruff et al. (1991). 
 
 Body mass index is a method of calculating body fat based on the weight and 
height in adult individuals.  Originally known as the Quetelet Index, Adolphe Quetelet 
(1796 – 1874) found that the best index of relative body weight was the ratio of body 
weight in kilograms divided by the square of height in meters (Eknoyan, 2007).  Today, a 
Femoral Head 
Femoral Neck 
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classification of overweight is defined as a BMI index greater than or equal to 25 and 
obese as greater than or equal to 30 (World Health Organization, 2014).  
Using external femoral measurements exclusively, Agostini and Ross (2011) 
noted significant correlation with medial to lateral widening of the femora among 
overweight individuals with a body mass index (BMI) equal to or greater than 26.5 
(weight measured in kilograms).  The background of the study focused heavily on 
previous theories on bone functional adaptation, also known as “BFA”.  The concept of 
BFA is that bone modeling and remodeling is based on strain levels due to increases and 
decreases of activity levels (Ruff et al., 1991).  When strain is increased beyond the 
design threshold of the bone, additional bone tissue will be deposited.  If activity levels 
decrease, bone tissue will then undergo resorption.  Agostini and Ross (2011) extrapolate 
that if bone shape can be altered by the strains placed upon it, then differences of long-
bone morphology should be present in obese individuals.  Ultimately, this change is due 
to mechanical compensation and the stress involved which would exceed the strain 
threshold of the bone.  The results of their study concluded with a classification accuracy 
of 77% among overweight individuals. 
 Noting the variety of studies focusing on independent variables, Moore (2008) 
recognized the indication that obesity would actually be best represented by a suite of 
traits.  The research conducted included cross-sectional geometry of the femur, bone 
density, heel spurs, diffuse idiopathic skeletal hyperostosis (DISH), and tibial 
osteoarthritis, each selected based on strong indicators from previous research conducted 
by other authors.  Bone density data was obtained using dual-energy x-ray 
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absorptiometry (DEXA), and 3-D surface models were created for cross-sectional data.  
Moore hypothesized that the cross-sectional area of the midshaft of the femur and BMD 
would have the highest correlation with body mass and weight, however, the results of 
the study concluded that width measurements of the distal and proximal ends of the 
femur and DISH were actually the most significant signals.  Additionally, it was found 
that obese (BMI > 30) individuals were eight times more likely to have spinal 
manifestations of DISH and osteoarthritis (OA) of the medial tibiae.  The results of the 
research culminated in a comprehensive regression tree using just four variables:  (1) 
second moment of inertia in the A-P direction of the distal end of the femur, (2) M-L 
measurements of the femoral midshaft, (3) A-P measurement of the proximal end of the 
femur, and (4) the severity of DISH.  The final discussion of the research documents that 
M-L widening throughout the diaphysis of the femur was present in overweight 
individuals and suggested that future research focus on the external measurements of this 
trait. 
 Estimation of extremes in body weight with a high degree of accuracy would be 
significant for identifying unknown individuals, documenting changes in modern 
populations, and determining any prevalence in prehistoric populations.  While promising 
research has been conducted previously on the biomechanics of overweight individuals, 
including mechanical load and compensatory reactions, many of the methods are cost-
prohibitive due to the use of equipment such as high resolution computed tomographic 
(CT) and DEXA scans (Agostini and Ross, 2011; Moore and Schaefer, 2011).  The 
studies are significant, but the micro-morphological emphasis focusing on bone mineral 
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density, cortical thickness, and geometric cross-sectional properties are impractical for 
field analyses, common laboratories, or instances where bone material needs to be kept 
intact (O’Neill and Ruff, 2004).  Future methods of body weight estimation will only be 
widely incorporated and accepted on the same level as current age, sex, and stature 
estimation techniques if it is efficient, non-invasive, and utilizes either qualitative 
observations or commonly used instruments such as osteometric boards and calipers. 
 The present study seeks to determine the accuracy of estimation of human body 
mass in skeletal remains  using a suite of traits shown to be significant in previous 
studies, including documented biomechanical analysis of obese individuals involving gait 
and sit-to-stand (STS) movements.  Furthermore it is hypothesized that using a 
combination of methods and incorporating a suite of traits for quantitative and qualitative 
analysis, body mass can be estimated with a high degree of accuracy.  Using a large 
skeletal sample (n = 191) composed of male and female individuals of known height, 
age, and weight, the following three variables were examined:  (1) external femoral 
dimensions, (2) OA of the tibiae, and (3) the spinal evidence of DISH.  The primary goal 
of this study was to evaluate the body mass estimation study conducted by Moore (2008) 
on a sample of documented skeletons.  In this study, however, all measurements were 
performed with common osteometric instruments following the guidelines used by 
Agostini and Ross (2011).   
 In Chapter 2, previous research relevant to the development of this study are 
discussed.  Topics in this section include analyses using both morphometric and 
biomechanical models for the estimation of human body mass.  Further discussions of the 
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use of the biomechanical model include relevant aspects of Bone Functional Adaptation 
(BFA), Bone Mineral Density (BMD), cross-sectional analyses of the lower limbs, and 
the biomechanics of obese individuals.  Research involving the pathological conditions of 
OA and DISH and their relationship to body mass are also discussed.  Chapter 3 presents 
the materials used in this study, including details of the study sample, data collection 
techniques, and an overview of the statistical tests performed.  Chapter 4 discusses and 
explains the results of the statistical analyses.  Finally, Chapter 5 provides a discussion on 
the results of this study, including comparisons with previous studies, and a final 
conclusion.   
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CHAPTER 2:  PREVIOUS RESEARCH 
 In previous studies investigating human body mass, models have been used to 
explain and guide the relationship of body mass quantification to skeletal remains.  In this 
section, an overview of the morphometric and biomechanical models are provided.  
Researchers using the morphometric model view the human body as a cylinder, where 
extreme points of height and bi-iliac breadth are used to estimate body mass.  In contrast, 
the biomechanical model utilizes engineering principles related load bearing on the long 
bones as the focus of body mass estimation techniques.  This model includes 
considerations for bone modeling and remodeling (Wolff’s Law and BFA), bone mineral 
density (BMD), long bone cross-sectional dimensions, and the biomechanics of obese 
individuals.  Biomechanical studies also contribute to our understandings of OA and its 
prevalence among obese populations.  This section also includes a discussion of previous 
research investigating the incidence of OA and DISH and their relationship with human 
body mass.  
Morphometric model 
In the morphometric method the human body is considered to be a cylinder, 
where the height of the cylinder corresponds to stature and its diameter represents the 
breadth of the body.  Incorporating allowances for tissue thickness, the breadth is 
frequently determined by the width of the pelvis through measurements of the bi-iliac 
breadth.  In archaeological and paleontological research, body mass estimation can be an 
important factor in theoretical development involving size, organ development, and 
metabolism (Ruff, 2000a).  
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In his analysis of climate adaptation and body shape, Ruff et al. (1991) used 
stature and pelvic breadth measurements to estimate absolute body widths of early 
hominids to support thermoregulatory concepts including Bergmann’s and Allen’s rules 
regarding surface area and volume ratios of the body and related extremities.  Over the 
years, a number of methods have been proposed, often utilizing only single elements.  
Despite the inherent limitations regarding body mass extremes, the morphometric method 
has been considered more advantageous than other methods due to the ability to use 
modern living samples as comparisons to skeletal material.     
While this cylindrical model has low utility in modern American populations 
where obesity and emaciation are widely prevalent, the method has performed well in 
samples of normal weight (BMI < 25) and athletic modern individuals when an 
appropriate reference population is used.  Ruff (2000b) compared modern humans with 
those of early hominins by using body measurement data recorded in the 1960s for 
various Olympic male and female athletes.  For the study, athletes that performed in 
specific sports believed to be comparable to the lifestyle of early hominins were chosen, 
such wrestling, decathlon, and pentathlon.  Data used for the research included body 
weight, stature, bi-iliac breadth, biacromial breadth, and leg length.  According to Ruff 
(2000b), equations for estimating the body mass of modern humans of normal or average 
weight, utilizing stature and bi-iliac breadth, can be performed with a reasonable degree 
of accuracy (Figure 2).   
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Figure 2.  Equations for body mass estimation using the morphometric model (Ruff 
2000b:509).   
 
Since this method relies heavily on stature, however, it is important that an appropriate 
reference population is used.  The final prediction error of the study was 3%, with males 
slightly underestimated and females overestimated. 
Biomechanic model 
Biomechanics is the application of engineering principles to biology.  Regarding 
body mass estimation using biomechanical methods, principles related to load bearing on 
the articulations and diaphyses of the long bones have been analyzed (Auerbach and 
Ruff, 2004; Moore 2008).  The skeletal system acts as a system of levers while protecting 
and supporting soft tissue, therefore it must also support the entire weight of the organism 
while withstanding external forces (Schmidt-Nielson, 1984).  If the skeleton cannot 
support the weight of the organism, it risks failure from compression.  During 
locomotion, the skeletal system is subject to bending and torsion.  In response, the plastic 
nature of bone allows modeling and remodeling process to occur in response to strain 
levels to maintain a balance between strength and weight.  Previous body mass estimation 
techniques have included the evaluation of bone functional adaptation (BFA) principles, 
bone mineral density (BMD), cross-sectional analysis, and biomechanics.  
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Bone functional adaptation 
 
At the cellular level, bone tissue is formed and maintained by three main cell 
types.  Osteoblasts synthesize and deposit bone material by laying down a collagenous 
matrix which is later mineralized and octeocytes maintain the tissue. Osteoclasts are 
responsible for bone resorption and are derived from precursor cells circulating in the 
blood.  During human early growth and development, the diameter of bone is increased 
by apposition of woven bone performed by osteoblasts directly under the periosteum 
while osteoclasts excavate the interior cavity through resorption (Seeman, 2011).  In 
contrast, adult bone apposition occurs through the process of Haversian remodeling 
involving basic multicellular units (BMUs).   
BMUs are temporary structures assembled by a constant replenishment of 
osteoblasts and osteoclasts.  Responding to octeocytes and calcitropic hormones, the 
BMUs work to maintain a necessary balance for skeletal and metabolic function 
throughout life (Frost, 1993; Frost, 1999; Seeman, 2011).   As bone is stressed, micro-
fractures can develop at the cement junction between osteocytes.  Once a certain 
threshold is reached, BMUs will trigger the apposition process to accommodate the 
increased load.  This bone remodeling process typically results in subperiosteal expansion 
(Ruff et al., 1991).  As the threshold is decreased, remodeling is stopped and secondary 
osteons overlay the primary lamellar bone (Frost, 1997; Robling, 1998).  This most basic 
concept of bone modeling and remodeling to adapt to mechanical influences is frequently 
referred to as Wolff’s Law (Pearson and Lieberman, 2004; Ruff et al., 2006).  
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In 1881, Roux first reported observed parallels between trabecular bone formation 
and engineering principles. A short time later, in 1892 Wolff made the same observation 
in the proximal femur.  To explain the formation and orientation of trabecular bone 
during the establishment phase of ontogeny, the “law” was formulated (Pearson and 
Lieberman, 2004).  While the general concept of Wolff’s Law has been largely accepted 
by the science community, the strict mathematical constrictions contained within it 
presented problems as they were later deemed to be based on engineering and biological 
misconceptions (Ruff et al., 2006).  In trying to describe the formation and structure of 
trabecular bone, Wolff’s beliefs in the way in which bone tissue was formed was based 
on impossible biological concepts that were drastically different than today’s 
understandings of bone modeling and remodeling (Lanyon 1982).   
Additional issues that have been raised over the years include strain measurement 
methods, age dependency, responses to mechanical loading, and the variability between 
different bone tissues and locations throughout the skeleton. The general concepts 
regarding bone shape and adaptation, however, were retained and remain the basic 
premise when the term “Wolff’s Law” is used in research regarding bone form and 
function (Pearson and Lieberman, 2004).      
Today, the term “Wolff’s law” is often replaced with the term “Bone Functional 
Adaptation” (BFA) since only the general premise of the law regarding an organisms 
ability to adapt their structure to changing living conditions and bone’s ability to respond 
to local mechanical stresses are still accepted (Ruff et al., 2006; Moore, 2008; Agostini 
and Ross, 2011).  In the simplest interpretation of bone functional adaptation, bone 
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modeling and remodeling is based on strain, not stress. Where stress regards the force put 
on bone, strain includes deformation and is key to remodeling when loading forces are 
applied. The physical deformation of the bone tissue is based on a constant goal to 
maintain an optimum strain level through feedback loops.  As strain is increased bone 
tissue is deposited, which reduces the strain back to the ideal customary levels.  
Decreased strain then results in the resorption of bone tissue, which also restores the 
strain level (Figure 3).  
 
 
 
 
 
 
 
 
 
 
Figure 3.  Simplified bone functional adaptation model.  Adapted after Lanyon 
(1982). 
 
While some have questioned the validity of Wolfs Law and its applicability to 
cortical bone development and responses (Pearson and Lieberman, 2004), other 
researchers have found strong indications of its responses to body mass when 
incorporated with the analysis of other traits and principles of beam theory (Ruff, 1981; 
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Ruff and Hayes, 1983; Stock, 2002; Moore, 2008).  It is important to note, the customary 
levels of strain are not accepted as constant or maintained at consistent levels throughout 
the skeletal system. The levels can vary by not only the skeletal location, but also by 
factors such as age, disease, genetics, etc. (Lieberman et al., 2001; Ruff et al., 2006).  
While these aspects add complexity to the premise of BFA, it does not negate its 
applicability.  Instead, it emphasizes the importance of context and the incorporation of 
other traits and variables when possible, especially in body mass studies where results 
can be confounded by activity levels and aging (Moore, 2008).  
Bone mineral density 
 The strength of bone is defined not only by its biomechanical properties, but also 
by its quality.  Acting as a system of levers, bone must be stiff, yet flexible, light in 
weight, yet strong (Frost 1993).  This is achieved through its structural design and 
composition.  The quality of bone includes the microstructure, quality of the collagen, 
and mineral content.  It is the mineral content of bone that provides the structural 
stiffness.  Dual energy X-ray absorptiometry (DEXA) is a means of quantifying bone 
mineral density (BMD) and bone mineral content (BMC).   
 Noting the minimal use of DEXA in forensic anthropological studies, Wheatley 
(2005) investigated the potential value of this technology in estimating human body 
mass.  For the purpose of the study, DEXA scans of the proximal femur were conducted 
on two different data sets of living individuals at the Department of Human Studies at the 
University of Alabama, Birmingham.  In the first study, the sample included 17 White 
males and 24 White females ranging in age from 61 to 79 years, with a weight between 
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99 and 242 lbs.  The BMD was measured from three different locations:  femoral neck, 
greater trochanter, and Ward’s triangle (a triangular zone located along the femoral neck) 
.  The analysis also included measurements of the femoral shaft diameter below the lesser 
trochanter and the minimum neck diameter.  The author found a significant relationship 
between body mass and bone density (R² = .49), but felt the standard errors were too 
wide for forensic application. 
 In the second study performed by Wheatley (2005), 128 females (71 Black and 57 
White) ranging in age from 23 to 47.5 years, with a weight range of 31.5 and 98.25 kg, 
were evaluated.  The same bone density locations as the first studies were used, but this 
time the femoral shaft diameter was excluded and the BMC of the femoral neck was 
added.  While it was recognized by Wheatley that the second study expressed some 
statistically significant relationships relating to body weight and specific points of BMC 
and BMD levels, the correlation coefficient in each case was too low (R = < 0.1) for 
estimating weight variability.  In Wheatley’s (2005) conclusion, it is suggested that future 
studies include variables such as height and physical activity levels. 
 While previous research has primarily focused on BMD alone, Moore (2008) 
included cross-sectional geometry to account for activity patterns in her study of body 
mass estimation.  Moore (2008) hypothesized that BMD and cross-sectional area would 
have the highest correlation with body mass. The research did find higher bone density in 
obese individuals and lower in emaciated individuals; however, the final result did not 
support her original hypothesis.  Instead, Moore (2008) found the width of the proximal 
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and distal ends of the femur and DISH to be the most significant signals.  The results of 
her BMD analysis were too low to be included in her final regression tree.  
 
Cross-sectional analysis  
 Cross-sectional diaphyseal dimensions of the lower limbs have been shown to be 
particularly responsive to applied mechanical loadings and a means to account for 
activity patterns.  By 1976, not much research had been performed on the mechanical 
strength of bone in relation to the cortical distribution.  It was with Wolff’s Law in mind 
that Lovejoy et al. (1976) approached their study regarding the biomechanical analysis of 
bone strength.  As an example of how the procedures and calculations the authors 
developed could be applied in similar research, the bending and torsional strength 
comparisons of five eurycnemic and five platycnemic tibiae were used.  Platycnemia is 
described as a pronounced mediolateral flattening of the tibial shaft.  In contrast, a 
eurycnemic shape is considered normal (both quantified by the formula developed by 
Busk in 1863) (Figure 4).  It was determined by Lovejoy et al. (1976) that eurycnemic 
tibiae are actually well adapted to various strain-inducing modes, and therefore, 
platycnemia can occur as a result of specific mechanical loading patterns distinctly 
different from those experienced by a tibia with a eurycnemic shape.  
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Figure 4.  Superimposed cross-sections of a platycnemic tibia (stippled) and a 
eurycnemic tibia.  The pronounced medial to lateral flattening of the platycnemic 
tibia is visible (Lovejoy et al. 1976:490). 
 
Using a sample of 80 living individuals, Ruff et al. (1991) found strong 
correlations to femoral diaphyseal dimensions and the body weight of adults.  Earlier, 
Ruff (1988) hypothesized that the femoral diaphyses responds to changes in mechanical 
stimuli primarily by altering the geometry of the dense cortical bone.  Meanwhile, the 
epiphyses remodel by changes in the trabecular bone density or arrangement, rather than 
by size or shape (Ruff et al., 1991).  To test this hypothesis, Ruff et al. (1991) used 
subperiosteal measurements calculated from anteroposterior bilateral hip radiographs to 
draw comparisons between body mass estimation using the proximal femoral diaphyseal 
size, femoral head size, and femoral neck.  The authors concluded that mechanical 
loading of the long bones in adults can produce changes in the cross-sectional geometry 
of the femur based on bone remodeling mechanisms.  Due to the constrictive nature of 
the acetabulum, the femoral head size showed a lower correlation with the current weight 
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of the individuals.  Instead, the comparison correlated closer to the recalled weight of the 
individuals at 18 years of age.  This confirms the belief that cross-sectional analyses of 
the diaphyses is best suited for body mass estimation in individuals that have already 
reached skeletal maturity. 
 Bones are strongest under compression, but are rarely loaded with a single force.  
It is their anisotropic (or directional) structure and complex networking that allows the 
tissue to respond to multiple forces at the same time (Moore, 2008). In cross-sectional 
analyses, the long bones are modeled as engineering beams where the cortical area 
represents the strength to axial compression, moments of inertia reflect bending strength, 
and polar moments of inertia measure the torsional strength (Ruff, 1981; Ruff and Hayes, 
1983; Stock, 2002; Moore, 2008).  Larger cortical areas represent stronger resistance to 
compression and tension, while the shape of the area reflects activity and body mass. 
Beam theory, predicts that bone tissue located the furthest from the centroid will be the 
most mechanically relevant (Moore, 2008).  Following this concept, the contour of the 
periosteal bone surface may be the most relevant factor in determining the cross-sectional 
properties of the femur (Stock, 2002).        
Analogies using a ruler have been used to help describe the bending strength of 
long bones, particularly those of the lower limb.  In this sense, a wooden ruler is easier to 
bend along its width, rather than along its height (Figure 5).  
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Figure 5. A wooden ruler is used as an analogy to describe the bending strength of 
long bones.  Adapted after OpenLearn Works (2014). 
 
According to Ruff and Hayes (1983), the most important aspect of cross-sectional 
analyses is the second moment of inertia (I).  Moments of inertia are length measures 
from the area of the centroid to the outer perimeter of the bone (Figure 6).   
 
Figure 6.  Length measures from the area of the centroid to the outer perimeter of 
the bone used for determining moments of inertia (Ruff and Hayes, 1983:360). 
 
EASIER 
DIFFICULT 
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In determining I, the total area and distribution of area surrounding the centroid must be 
determined.  Based on the directions of the applied bending mode, neutral axes are used 
to calculate the second moments of area.  These axes (Imax and Imin) represent the greatest 
and least bending magnitudes in a given section.  In using a maximum and minimum, the 
two measurements are divided to calculate a shape index that excludes size.  For 
example, axes of the femur are selected based on the centers of articulation at the 
epiphyses. The second moment of inertia Ix runs in a mediolateral direction and is located 
perpendicular to Iy, which runs anteroposterior (Figure 7).  Researchers have used this 
shape index, modeled after an engineering beam, to reflect activity patterns (Lovejoy et 
al., 1976, Moore, 2008).  The closer the index is to 1, the more round the cross-section is, 
suggesting lower bending activity levels.  In Moore’s (2008) body mass estimation study, 
it was suggested that obese individuals may be more inclined toward having a circular 
cross-section with greater surface area due to decreased flexion at the knee and greater 
compressive loads. 
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Figure 7.  Moments of inertia at the distal femur showing the Y axis in blue and the 
X axis in white (Moore, 2008:59).  
  
Additional reference axes have been used in cross-sectional analysis of the femur.  
Standardized by Ruff (1981) to ensure precise sectioning of the femur, a set of x, y, and z 
axes were modeled.  The straight axis (z), also referred to as the “ideal” axis, runs 
longitudinally from the midpoint of the distal articulation surface of the distal end of the 
femur to the cervical axis at the proximal end (Ruff, 1981) (Figure 8).  The cervical axis 
of the femur runs through the center of the femoral head and neck (Backman, 1957; Ruff 
and Hayes, 1983; Moore, 2008).  The y-axis corresponds to the anteroposterior direction 
and the x axis represents the mediolateral direction (Figure 8).  For analysis of cross-
sectional properties, transverse cross-sections are then measured along the diaphysis at 
five locations perpendicular to the z axis at 80, 65, 50, 35, and 20%, measured from the 
distal end (Figure 8).  These locations, standardized by percentages, are often used 
because very few reliable and consistent landmarks exist along the femoral diaphysis 
(Ruff, 1981).  In addition, the boundaries between cortical and trabecular bone can be 
I
x
 
I
y
 
 21 
difficult to distinguish as the epiphyses of the long bones are approached.  Since the two 
tissue types have different properties, those focused on cortical bone geometry tend to 
stay concentrated between 20 and 80% of the diaphyseal length.    
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Cross-sectional analysis of the femur displaying axes and cross section 
locations (Ruff and Hays, 1983:364).   
 
To accurately determine the “ideal” axis in three-dimensional space without the 
use of radiographs, the femur must be orientated in a specific manner.  When the dorsal 
surface of the femur is resting on a table, the “ideal” axis does not lay parallel to the flat 
surface.  If left in this position, transverse cross-sections would be oblique, especially 
towards the proximal end due to the curvature of the diaphysis.  In consequence, Ruff 
(1981) devised a method to standardize the procedure of orientating the femur using an 
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osteometric board, modeling clay, and small triangular wedge.  The clay was used to 
raise the proximal end of the femur to ensure the diaphysis was level and equally raised 
above the board surface.  The triangular wedge was used to assist in marking the cross-
sectional locations throughout the diaphysis.  
 This method has also been automated using computerized imaging techniques.  
Computerized tomography (CT) is a non-invasive method of analyzing the cross-
sectional tomography of bone, specifically the orientation of trabecular tissue and 
geometric properties (Moore, 2008).  During a CT scan, X-ray imaging is performed in 
two-dimensional slices.  The cross-sectional images are then mathematically 
reconstructed to compensate for absorption and scatter caused by the X-ray beam and a 3-
D image is created.     
In collaboration with a team of biomedical engineers and anthropologists, Moore 
(2008) used CT scans of 500 individuals from the William M. Bass Skeletal Collection at 
the University of Tennessee to create a method for analyzing geometric morphometric 
features of the skeleton, along with a statistical atlas.  During her study on body mass 
estimation, Moore (2008) applied the method to 169 skeletons to create a bone shape 
atlas to locate cross-sections of the femora for biomechanical analysis.  All reference axes 
used in the cross-sectional assessment were modeled as previously discussed, including 
the x, y, and z coordinates, as well as the transverse cross-sections located perpendicular 
to the “ideal” axis.  The results of Moore’s (2008) analysis found an overall mediolateral 
widening of the femoral diaphyses in individuals considered obese (Moore and Schaefer, 
2011).  The author concludes, that while 3-D computer modeling was used to enable 
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robust statistical analysis to the cross-sectional geometry of the femora, it is not 
necessary.  While CT scans remain cost-prohibitive, Moore and Schaefer (2011) 
predicted that future research will look exclusively at external measurements of the femur 
using calipers, especially the mediolateral widths along the proximal and distal ends of 
the diaphyses. 
 
Using external measurements exclusively, Agostini and Ross (2011) hypothesized 
that if bone shape can be altered by the strains placed upon it, then differences in long 
bone morphology should be present in obese individuals.  Ultimately, the changes would 
be due to the mechanical compensation and the stress involved with the added weight, 
which would exceed the strain threshold of the bone.  Measurements of the femur length, 
as well as anteroposterior and mediolateral dimensions along the diaphyses, modeled 
after those described by Ruff (1981), were performed on a sample of 121 all White males 
from the Hamann-Todd collection.  The authors found significant correlation with medial 
to lateral widening of the femora among overweight individuals with a BMI equal or 
greater than 26.5. Ruff (1981) attributed the medial to lateral widening to the results of 
BFA and compensatory acts that change the magnification and direction of force placed 
on the femur based on previous biomechanical analyses performed by Spyropoulos et al. 
(1991).   
 
Biomechanics of the obese 
 
  The ability to recognize patterns on the skeleton reflecting differences in body 
mass can be assisted by a better understanding of the biomechanics involved.  Gait 
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analyses and sit-to-stand (STS) movements are the primary focus of biomechanical 
studies of the obese.  In a study conducted by Spyropoulos et al. (1991), the gait patterns 
of 12 obese males with an age range of 30-47 year with a BMI range of 35-50 were 
compared to a sample of 8 non-obese males aged 32-45 years with a BMI range of 20-24.  
The results of the study found significant differences in the gait patterns of obese 
individuals, including a slower walking pace involving shorter strides and a step width 
that measured twice that of the non-obese sample (Spyropoulos et al., 1991).  Occurring 
throughout the walking cycle, the greater step width of the obese was attributed to greater 
abduction of the hip to cope with excess adipose tissue of the inner thigh and to maintain 
balance (Spyropoulos et al., 1991). 
 Increased step width among obese individuals was also found in a study 
conducted by Browning and Kram (2007).  Utilizing a sample of 10 obese (5 males and 5 
females) and 10 non-obese (5 males and 5 females) individuals, the authors used pressure 
sensing treadmills to analyze the walking speeds and knee joint loads of each group.  The 
ground reaction forces (GRF) in all directions (vertical, AP, and ML) were found to be 
greater in the obese sample when maintaining the same pace as their non-obese 
counterparts.  As the pace was reduced, however, the GRF was reduced among the obese 
sample in all directions except ML.  The reduction of force in the AP direction was 
expected due to the decreased force impacting the heal of the foot as it hit the ground and 
necessary push of the toe, but the retained force in the ML direction was not predicted at 
the rates observed.  The study yielded a significant correlation between the step width of 
the obese sample and the absolute peak of ML GRF.  This suggests that obese individuals 
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strike the ground in a pattern that differs from their normal weight counter parts.  The 
authors attribute this difference to not just an increase in adipose tissue of the inner thigh, 
but also to pronation at the ankle (Browning and Kram, 2007). 
 Lai et al.’s (2008) study of three-dimensional gait characteristics of obese adults 
further validates the previous findings on altered angles of joint placement, including 
increased ankle eversion, which may help to explain the ML widening of the femur in 
overweight individuals.  Using a sample of 14 obese (BMI > 30) and 14 non-obese 
adults, kinematic and kinetic data was collected using three-dimensional motion detecting 
equipment.  The results were comparable to previous two-dimensional studies, where 
obese subjects expressed slower walking speeds and shorter stride lengths.  In addition, 
the authors noted a longer stance time and double support time in walking.  Lai et al. 
(2008) conclude that the different gait patterns observed in the obese sample are adaptive 
characteristics to reduce the moment about the knee and the energy expenditure per unit 
time. 
 Analysis of sit-to-stand motions of obese individuals has also shown to effect the 
load conditions experienced by the hip, knee, and ankle.  The biomechanics involved in 
rising from a chair have been studied to evaluate the strategies employed by obese 
individuals, which require adequate torque by the joints of the lower extremities (Galli et 
al., 2000; Bertocco et al., 2002; Sibella et al., 2003).  Galli et al. (2000) evaluated the 
differences in sit-to-stand movements in 10 individuals with a mean BMI of 22 and 30 
obese individuals with a mean BMI of 40.  The individuals were seated on an armless and 
backless chair and asked to stand with their arms crossed.  This was repeated 10 times per 
 26 
subject while three-dimensional coordinates and GRF measurements were collected.  At 
the beginning of the sessions, the authors observed limited trunk flexion in the obese 
individuals which resulted in a strategy that created high momentum on the knee joint 
with lower torque on at the hip and lower back.  By the tenth session, however, the 
researchers found a change in rising strategy where flexion in the torso increased and 
knee joint torque was reduced to lighten loads on the lower back (Galli et al., 2000). 
 Biomechanical studies involving gait patterns and sit-to-stand movements 
contribute to the theory that obesity can cause BFA as a direct result of increased body 
mass and compensatory acts (Agostini and Ross, 2011).  ML widening of the femoral 
diaphysis has been attributed to altered magnitudes and movements of force due to 
compensatory actions by both Agostini Ross (2011) and Moore (2008).  Other 
compensatory mechanisms found in obese individuals include asymmetry and knee 
misalignment, often resulting in knee instability and OA (Messier et al., 1996; Sharma et 
al., 2000).    
Osteoarthritis and body mass 
 Osteoarthritis is described by the destruction of articular cartilage in both 
diathrodial and synovial joints that includes the formation of bony lipping and spur 
formation (osteophytes) around the margins.  Unlike other degenerative bone growths 
such as syndesmophytes and enthesophytes, osteophytes develop and extend in a 
horizontal fashion.  Syndesmophytes and enthesophytes, on the other hand, extend in a 
vertical fashion and are often related to conditions such as ankylosing spondylitis and 
diffuse idiopathic skeletal hyperostosis. The results of OA can include ulceration, 
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eburnation of subchondral bone, subchondral cysts, and sclerosis.  While this form of 
arthritis, also known as degenerative joint disease, is often associated with age, the 
formation of osteophyte growth characterized by osteoarthritis can also result from other 
factors including those that are mechanical, traumatic, or disease induced (Ortner, 2003).  
 In 2005, the overall prevalence of OA in the United States was 13.9% in adults 25 
years and older and 33.6% in adults over 65 years of age (Centers for Disease Control 
and Prevention, 2014b).  The most common joints effected include the knee and hip, with 
OA of the knee attributed as one of the top five leading causes of disability among adults 
(2014b).  An increasing number of studies have also found a strong correlation between 
obesity and OA (Felson et al., 1988; Mannienen et al., 1996; Ford et al., 2005; Sharma et 
al., 2006; Moore, 2008) 
 To evaluate the risk factor of OA in the knee in obese individuals, Felson et alĵ. 
(1988) examined 1420 participants in the Framingham Heart Study. Of the 468 
individuals that had knee radiographs performed during 1983 to 1985, 33% had visible 
OA at the joint (Felson et al., 1988).  The sample included males and females with an age 
range of 28 to 58 years, with a mean age of 37 years.  After controlling for age and 
physical activity levels, the occurrence of OA among obese individuals was found to be 
more prevalent among women than men.  The study did not evaluate the reason for the 
differences found between the sexes, but did offer a hypothesis regarding the correlation 
between obesity and OA.  According to the authors, the increased force endured by the 
cartilage of the joint due to the increased body mass can result in lesions and eventual 
breakdown of intrarticular cartilage leading to OA.  Also, associated metabolic 
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abnormalities in obese individuals can influence and assist in the development of the 
condition. 
 In a sample of 262 adult males and 282 females, Ford et al. (2005) found a strong 
association between BMI and meniscal tears, especially among women.  The menisci, 
located within the joint capsule, are semilunar shaped with a triangular cross-sectional 
profile with the thickest portions at the margins of the joint act as shock absorbers, 
helping to provide stabilization and load transfer across the knee.  The results of their 
analysis found that obese women (BMI > 40) were 25.1 times more likely to have 
meniscal tears than their normal or overweight counterparts.  Therefore, the relationship 
between BMI and meniscal tears is thought to be related to biomechanics.  As the load at 
the joint increases, additional strain and torque are placed upon the knee, resulting in a 
higher risk of meniscal tearing, a condition leading to OA.   
Browning and Kram (2007) and Lai et al. (2008) found a positive correlation 
between OA and increased body mass.  In addition, Moore (2008) found obese 
individuals to be seven to eight times more likely to have OA of the right and left medial 
tibiae.  External knee adduction moment of force plays an important role in the 
distribution of the total knee-joint load.  Abnormalities found during gait in obese 
individuals have been strongly associated with the degree and progression of OA 
(Browning and Kram, 2007; Lai et al., 2008). 
 At the other end of the spectrum, in underweight or emaciated individuals (BMI < 
18), bone can atrophy and trigger the resorption of minerals leading to osteopenia.  
Dequekar et al. (2003) noted an inverse relationship between osteoporosis and OM.  In 
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individuals with low body mass, the articulations of the joints are not subjected to heavy 
loads.  Therefore, risk of injury is reduced and OA does not develop.  As BMI increases, 
so does the level of strain and torque placed on the joint.  This increases the risk of injury 
and occurrence of OA (Ford et al. 2005). 
Diffuse Idiopathic Skeletal Hyperostosis and body mass 
 Diffuse Idiopathic Skeletal Hyperostosis (DISH), also known as Forestier's 
disease, is the fusion of the vertebral column due to ligament ossification of the anterior 
longitudinal ligament along the right anterior portion of the vertebral bodies.  It is often 
characterized by a smooth ‘dripping candle wax’ appearance produced along the 
anterolateral aspect of the thoracic spine (Mader et al., 2009; Wilczak and Mulhern, 
2012) (Figure 9).  DISH does not form on the left side of the vertebral column due to 
pulsations of the descending aorta, except in cases of a right-sided aorta as in situs 
inversus.   
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Figure 9.  DISH from the anterior (left) and lateral aspect (right) (Moore, 2008:36) 
 
Diagnostic criteria often vary slightly among authors and clinicians, mostly 
regarding the number of vertebrae involved (three or four) and if the presence of 
extraspinal enthesopathies (disorders of peripheral ligamentous or muscular attachments) 
should be required.  Collectively, the most common criteria include fusion of at least 
three vertebrae, flowing ossification of the anterior longitudinal ligament predominantly 
along the right side of the thoracic spine, and no involvement of the diathrodial or 
costovertebral joints (intervertebral disc space and zygoapophyseal joints are preserved) 
(Mader et al., 2009; Alonso, 2012; Wilczak and Mulhern, 2012) (Figure 9).  Auxiliary 
features can include fixation of the sacroiliac joint by minimal bony bridges (sacroiliitis) 
and enthesopathic lesions located on the calcaneus (plantar aponeurosis and Achilles 
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tendon insertion), femur (linea aspera and greater trochanter), patella (point of quadricep 
tendon insertion), pubic symphysis, iliac crest, and ischial tuberosities (Mader et al., 
2009; Alonso, 2012; Wilczak and Mulhern, 2012).  The features and universal 
characteristics of DISH make it highly unique from other spinal pathologies and arthritic 
conditions, such as ankylosing spondylitis and vertebral osteophytosis. 
 While the etiology of DISH remains unknown, studies have found high 
correlations between the syndrome and diabetes mellitus (DM), obesity, waist 
circumference, age, and diet (Denko and Malemud, 2005; Mader et al., 2009; Godde and 
Taylor, 2011; Alonso, 2012; Gameiro Silva and Skare, 2012).  The incidence of DISH 
and OA increase with age and also often co-occur (Sarzi-Puttini and Atzeni, 2004).  
Moore (2008) found obese individuals to be eight times more likely to have DISH, with 
43% of the male sample and 41% of the female exhibiting at moderate to severe levels.  
In her final regression tree, DISH was found to be one of the most significant signals for 
body mass.     
Among those with Type II diabetes, the prevalence of DISH has been reported as 
high as 40%, but some researchers believe it is more strongly correlated with obesity 
(Gameiro Silva and Skare, 2012).  The proliferation of osteoblast activity is believed to 
occur in DISH patients due to extremely elevated levels of insulin, serum growth 
hormone, and insulin-like growth factor-1 (Denko and Malemud, 2005).  Both alkaline 
phosphatase and type II collagen in osteoblasts have been found to be stimulated by 
insulin-like growth factor-1, which is induced by insulin and serum growth hormone 
(Sarzi-Puttini and Atzeni, 2004; Gameiro Silva and Skare, 2012).  The effect of insulin 
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on osteoblast activity helps to explain the increased incidence of DISH among obese 
individuals, particularly those with high circulating levels of insulin. 
Conclusion     
Previous research involving human body mass has included many important 
considerations, including pathological evidence.  While the etiology of DISH remains 
unknown, the high rate of incidence among obese individuals has been documented and 
supported (Denko and Malemud, 2005; Gameiro Silva and Skare, 2012; Moore, 2008).  
OA of the knee has also been strongly correlated with obesity, despite confounding 
factors of age and physical activity (Felson et al., 1988; Mannienen et al., 1996; Ford et 
al., 2005; Sharma et al., 2006; Moore, 2008). 
 Techniques used to estimate human body mass have also included the use of 
models.  Previous research conducted by Ruff (1991, 2000a, 2000b) incorporated the 
morphometric model to estimate the body mass of early hominins and modern athletes.  
While this method was performed with a reasonable degree of accuracy, a reference 
population is necessary.  In addition, the morphometric model cannot account for 
extremes in body mass such emaciation or obesity.      
 Incorporating engineering principles and biology, the biomechanical model 
examines the effects of load bearing on the long bones, including aspects involving gait 
and sit-to-stand movements. Previous research has supported current concepts of BFA 
and its responses to body mass when incorporated with principles of beam theory (Ruff, 
1981; Ruff and Hayes, 1983; Stock, 2002; Moore, 2008).  On the other hand, BMD has 
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been observed in obese individuals, but has not proven to be statistically significant in 
body mass estimation techniques (Moore, 2008; Wheatley, 2005).   
While bones are strongest under compression, they are rarely loaded with a single 
force.  It is their anisotropic (or directional) structure and complex networking that allows 
the tissue to respond to multiple forces at the same time (Moore, 2008).  Modeled as 
engineering beams, the cross-sectional dimensions of the femur have been strongly 
correlated with a medial to lateral widening along the diaphysis in obese individuals 
(Agostini and Ross, 2011; Moore, 2008; Ruff, 1991).  This observation has been 
attributed to BFA and the biomechanics of the obese, where the direction of force placed 
on the femur is altered (Ruff, 1981; Spyropoulos et al., 1991). 
This study aims to examine the accuracy in estimating human body mass (obesity 
in particular) using a suite of traits shown to be significant in previous studies using a 
sample of modern European (White), male and female, individuals.  The research 
combines external cross-sectional geometry of the femur, presence and degree of OA on 
the tibial plateau, and the presence and degree of the spinal manifestation of DISH.  Both 
male and female samples will be compared with Agostini and Ross’ (2011) external 
femoral obesity results, as well as the results of Moore’s (2008) body mass estimation 
study.  In the research conducted by Moore (2008), the width measurements of the distal 
and proximal ends of the femur and DISH were the most significant signals.  In addition, 
Moore (2008) found obese individuals to be eight times more likely to have spinal 
manifestations of DISH and OA of the medial tibiae.   
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All femora will be measured to determine if any M-L widening is present, as well 
as the severity.  Since this study focuses on using common instruments for analysis, CT 
scans will not be used.  Instead, external measurements of the diaphysis will be 
performed to determine any M-L widening of the shaft.  All femora will be measured per 
the techniques and steps recommended by Agostini and Ross (2011), modeled from Ruff 
(1981).    Qualitative analyses of pathologies will be performed following the methods 
provided by Moore (2008). 
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CHAPTER 3:  MATERIALS AND METHODS 
Study sample 
 In order to examine the degree of accuracy in estimating human body mass, a 
research sample consisting of modern individuals (total n = 191) from the William M. 
Bass Donated Skeletal Collection located at the University of Tennessee, Knoxville was 
used.  This collection was selected for analysis because of the large number of modern 
individuals available with known age, height, and weight.  To prevent overlap with the 
previous study conducted by Moore (2008), only individuals acquired by the Bass 
Donated Collection after the year 2007 were included in the present study.  Both males (n 
= 110) and females (n = 81) were selected to test body mass indicators in both sexes, and 
only those of European (White) ancestry were included due to the small number of 
available individuals of other ancestries.  Samples expressing severe fragmentation, 
trauma, or pathologies not related to the study were excluded.     
 All observations were conducted prior to any knowledge of body weight 
information.  Once all data was gathered, the BMI of each individual was calculated 
following the standard equation (kg/m²) provided by the Centers of Disease Control 
(2014).  Each sample was then classified as “underweight” (BMI < 18.5), “normal” (BMI 
18.5 – 24.9), “overweight” (BMI 25.0 – 29.9), and “obese” (BMI > 30).  Of the total 
female sample (n = 81), the ages ranged from 29 to 97 years, with a mean age of 64.54 
years.  A total of 6 females were classified as underweight, 31 normal, 17 overweight, 
and 27 as obese.  The male sample (n = 110), the ages ranged from 19 to 88 years, with a 
mean age of 61.68 years.  A total of 7 males were classified as underweight, 37 normal, 
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42 overweight, and 24 as obese.  These data are tabulated in Table 1. 
 
 Age 
Range 
Mean 
Age 
Underweight 
BMI < 18.5 
Normal 
BMI 18.5-
24.9 
Overweight 
BMI 25.0 – 
29.9 
Obese 
BMI >30 
Total 
(N) 
Female 29-97 64.54 6 31 17 27 81 
Male 19-88 61.68 7 37 42 24 110 
Table 1.  Study sample showing age and BMI classifications. 
 
Data measurements 
  Osteological measurements were taken using an osteometric board and sliding 
calipers. Osteometric board measurements were recorded to the nearest mm and to the 
nearest 0.1 mm with digital sliding calipers.  All measurements were performed without 
any knowledge of weight or BMI. 
Femur 
A total of 16 measurements were taken from each femur following the techniques 
used by Agostini and Ross (2011), modeled from Ruff (1981).  The femur was positioned 
on the osteometric board with the dorsal side down.  Alignment was based on the medial 
view of the lesser trochanter and area proximal to the femoral condyles being on the same 
plane (Figure 10).  A small amount of modeling clay was used to adjust the proximal end 
of the femur as needed.  The diaphyseal length of the femur was measured from the 
distal-most point on the condyles to the junction where the neck meets the greater 
trochanter.  The diaphysis was then divided into 5 different measured locations based on 
the total diaphyseal length starting at the distal end:  20%, 35%, 50%, 65%, and 80% 
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(Figure 11).  Sliding calipers fitted with a small T-shaped level were used to record A-P 
and M-L measurements at each of these locations.  The T-shaped level was used to 
ensure consistent dimensional measurements for all femora. The A-P and M-L 
dimensions were then used to create an index for determining if M-L widening was 
present and to what degree.   
 
 
 
 
 
 
 
Figure 10.  Alignment of the femur on an osteometric board. 
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Figure 11.  Location of cross-sections along the diaphysis of the femur. 
 
Osteoarthritis 
 OA of the tibiae was recorded by dividing the plateau into medial and lateral 
condyles (Figure 12).  Each measurement was made independently, including separate 
analysis of the left and right sides.  The presence of OA was scored on a zero to three 
scale (0 = absent, 1 = trace, 2 = moderate, 3 = severe).  The presence and severity of 
lipping and eburnation was defined by the proportion of the circumference of the 
articulating surface affected, consistent with scoring procedure used by Moore (2008).  
Porosity was excluded as it was deemed arbitrary in Moore’s (2008) analysis. 
80% 65% 50% 35% 20% 
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Figure 12. Medial and lateral condyles of the tibial plateau were scored 
independently for lipping and eburnation.  
 
DISH 
Spinal manifestations of DISH were considered only if three or more vertebrae 
were involved on the anterior right side and were then recorded on a scale of zero to three 
(0 = absent, 1 = trace, 2 = moderate, 3 = severe).  The severity of DISH increased based 
on the extent of ossification throughout the vertebral column.  All other forms of DISH 
(such as heal spurs) were not included in the recording per lack of significance provided 
in the research of Moore (2008).   
Lipping 
Eburnation 
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Statistical Analyses  
 IBM SPSS Statistical Software (Version 21) was used for all statistical analyses.  
Males and females were tested separately and pooled when both groups were found not to 
be statistically significant.  BMI categories Underweight (BMI<17.9), Normal 
(18<BMI<24.9), Overweight (25<BMI<29.9), and Obese (BMI≥30) were initially tested 
before being collapsed into Overweight (BMI≥25) and Not Overweight (BMI<25) and 
Obese (BMI≥30) and Not Obese (BMI<30) categories.  Age was collapsed when 
necessary into two categories:  Younger (<55 years) and Older (≥55 years).  When 
ordinal pathology variables were collapsed, a score between 1 and 3 was categorized as 
present and a score of zero as absent.  Eburnation of the tibia was treated as a 
continuation of OA, and collapsed with lipping to a final score of 0 – 3 before being 
collapsed as absent or present.  No observations of the tibiae included eburnation without 
the presence of lipping.    
Chi-square tests of independence were initially performed to examine the 
relationships between age, BMI, OA of the tibia, and DISH.   Spearman’s rank-order 
correlation tests were then performed to further examine associations between BMI and 
DISH, BMI and OA of each condyle of the tibiae, age and DISH, and age and OA of 
each condyle of the tibiae.  Mann-Whitney U tests were also performed using the ordinal 
pathology variables of DISH and OA across the categories of age (older vs. younger) and 
BMI categories (not overweight vs. overweight and obese vs. not obese). 
 To examine the linear relationship between the variables, Pearson’s product 
moment correlation tests were performed.  The continuous variables of weight, stature, 
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age, BMI, femur length, and cross-sectional ratios of the femora at each location (20%, 
35%, 50%, 65%, and 80%) were all tested.  All ratios were calculated using the A-P and 
M-L measurements taken along the diaphysis of each femur.  Analysis of variance 
(ANOVA) tests were also run to examine the effects of BMI and age on each measured 
location of the femora (anteroposterior 20%, 35%, 50%, 65%, 80% and mediolateral 
20%, 35%, 50%, 65%, 80%). 
 Finally, multiple regression analysis was conducted for each sex to examine the 
relationship between BMI and all potential predictors (DISH, OA of the tibial plateaus, 
and the ratio calculated for each location along the diaphysis of the femora).  The ordinal 
pathology variables of DISH and OA of each tibial condyle were collapsed and 
categorized as either present or absent (0 = absent, 1-3 = present).  The ratios for the 
femora were calculated using the A-P and M-L measurements taken at each location 
along the femora (20%, 35%, 50%, 65%, 80%).  The assumptions of linearity, 
independence of errors, homoscedasticity, unusual points, and normality of residuals 
were all met, except for collinearity with the 50% ratio in males.  As this involves 
measurements along the diaphysis of the femur, some collinearity was expected.  After a 
thorough evaluation of the results, it was determined that the collinearity did not 
significantly impact the prediction model due to the overall number of variables included 
in the test.    
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CHAPTER 4:  RESULTS 
The relationship of DISH in females and males 
 
 To examine the relationship of DISH with body mass among females and males, 
Chi-square test for independence, Spearman’s rank-order correlation, and Mann-Whitney 
U tests were performed. A moderate positive correlation was found between DISH and 
BMI in females across all BMI categories (rs = .269, p = .016) and the calculated BMI 
scores (rs = .327, p = .003).  There was also a statistically significant relationship in the 
distributions of DISH scores and collapsed BMI categories of obese and not obese (p = 
.020).  The collapsed BMI categories of overweight and not overweight did not yield any 
statistically significant results (p = .067).  No correlation between DISH and age was 
found (p = .122); however, there was a statistically significant relationship in the 
distributions of DISH scores between older (mean rank 43.28) and younger (mean rank = 
34.5) females (p = .021).  These results are tabulated in Table 2 below. 
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Females - DISH 
Test Variables Results 
 
Chi-square BMI (all categories) 
DISH (absent/present) 
* 
Spearmans BMI (all categories) 
DISH (score 0-3) 
rs = .269, p = .016 
Spearmans BMI (calculated) 
DISH (score 0-3) 
rs = .327, p = .003 
 
Chi-square BMI (obese/not obese) 
DISH (absent/present) 
* 
Mann-Whitney U BMI (obese/not obese) 
DISH (score 0-3) 
U = 877.500, z = 2.329, p = .020 
 
 
Chi-square BMI (overweight/not overweight) 
DISH (absent/present) 
p = .083  
Mann-Whitney U BMI (overweight/not overweight) 
DISH (score 0-3) 
U = 937.500, z = 1.833, p = .067 
 
Chi-square Age (older/younger) 
DISH (absent/present) 
* 
Mann-Whitney U Age (older/younger) 
DISH (score 0-3) 
U = 766.500, z = 2.303, p = .021 
Spearmans Age (in years) 
DISH (score 0-3) 
rs = .174, p = .122 
*expected count <5 for one or more cells 
Table 2.  Statistical results of the relationship of DISH in females. 
 
When testing male individuals, no statistically significant relationships were 
found between DISH and BMI.  There was a weak positive correlation between age and 
DISH (rs = .202, p = .034).  The association between the collapsed age categories of older 
and younger was also statistically significant (p = .003).  Similar to females, a statistically 
significant relationship in the distribution of DISH scores between older (mean rank = 
59.65) and younger (mean rank = 43.36) males was found (p = .004).  See Table 3 for 
detailed results. 
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Males - DISH 
Test Variables Results 
 
Chi-square BMI (all categories) 
DISH (absent/present) 
* 
Spearmans BMI (all categories) 
DISH (score 0-3) 
rs = .135, p = .160 
Spearmans BMI (calculated) 
DISH (score 0-3) 
rs = .071, p = .464 
 
Chi-square BMI (obese/not obese) 
DISH (absent/present) 
p = .125 
Mann-Whitney U BMI (obese/not obese) 
DISH (score 0-3) 
U = 1196.000, z = 1.485, p = .138 
 
 
Chi-square BMI (overweight/not overweight) 
DISH (absent/present) 
p = .927 
Mann-Whitney U BMI (overweight/not overweight) 
DISH (score 0-3) 
U = 1539, z = .664, p = .507 
 
Chi-square Age (older/younger) 
DISH (absent/present) 
p = .003 
Mann-Whitney U Age (older/younger) 
DISH (score 0-3) 
U = 1488.000, z = 2.918, p = .004 
 
Spearmans Age (in years) 
DISH (score 0-3) 
rs = .202, p = .034 
*expected count <5 for one or more cells 
Table 3.  Statistical results of the relationship of DISH in males. 
 
The relationship of OA of the lateral condyle on the right tibia in females and males 
 
  To examine the relationship of OA of the lateral condyle of the right tibia to body 
mass among females and males, Chi-square test for independence, Spearman’s rank-order 
correlation, and Mann-Whitney U tests were performed. No statistically significant 
relationships were found between OA of the lateral condyle of the right tibia and the BMI 
of females.  P-values for all tests were greater than the value of .05.  The relationship 
between OA and age for this location of the tibia also did not yield any statistically 
significant relationships.  See Table 4 for exact values of the tests performed. 
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Females – OA Lateral Condyle (Right Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .088, p = .434 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .170, p = .129 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .304 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 805.000, z = .991, p = .322 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .459 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 878.500, z = .796, p = .426 
 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .767 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 640.500, z = .147, p = .883 
 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .074, p = .510 
*expected count <5 for one or more cells 
Table 4.  Statistical results of relationship of OA on the lateral condyle of the right 
tibia in females. 
 
In males, a weak positive correlation was found between OA of the lateral 
condyle of the right tibia and all categories of BMI (rs = .211, p = .027) and calculated 
BMI scores (rs = .228, p = .017).  No other statistically significant relationships were 
found between OA at this location and BMI or age.  See Table 5 for detailed results of 
the tests performed.   
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Males – OA Lateral Condyle (Right Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .211, p = .027 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .228, p = .017 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
* 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 1172.500, z = 1.879, p = .060 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .818 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1614, z = 1.827, p = .068 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .463 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 1257.500, z = 1.389, p = .165 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .122, p = .203 
*expected count <5 for one or more cells 
Table 5.  Statistical results of relationship of OA on the lateral condyle of the right 
tibia in males. 
 
The relationship of OA of the medial condyle on the right tibia in females and males 
 
  To examine the relationship of OA of the medial condyle of the right tibia to 
body mass among females and males, Chi-square test for independence, Spearman’s 
rank-order correlation, and Mann-Whitney U tests were performed.  There was a 
statistically significant association between OA at this location on the tibia and the BMI 
categories obese and not obese (p = .008), as well as overweight and not overweight (p = 
.006).  A moderate positive correlation between OA and all categories of BMI (rs = .334, 
p = .002) and calculated BMI scores (rs = .355, p = .001) was also found.  The 
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distribution of OA across the collapsed BMI categories obese and not obese was 
statistically significant (p = .007), as well as the overweight and not overweight 
categories (p = .002).  No statistically significant relationships were found between OA at 
this location and age.  See Table 6 for detailed results. 
 
Females – OA Medial Condyle (Right Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .344, p = .002 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .355, p = .001 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .008 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 951.000, z = 2.691, p = .007 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .006 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1079.000, z = 3.040, p = .002 
 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .524 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 595.500, z = -.450, p = .653 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .000, p = .999 
*expected count <5 for one or more cells 
 
Table 6.  Statistical results of relationship of OA on the medial condyle of the right 
tibia in females. 
 
 
 In contrast to females, significant statistical relationships between OA of the 
medial condyle on the right tibia in males was only found with the collapsed BMI 
categories of obese and not obese.  A significant association between the collapsed 
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categories of OA and BMI was found (p = .035).  The distribution of OA scores across 
the two BMI categories was also statistically significant (p = .026).  No statistically 
significant relationships were found between OA at this location and age.  See Table 7 for 
detailed results. 
 
Males – OA Medial Condyle (Right Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .173, p = .070 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .174, p = .069 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .035 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 1253.000, z = 2.220, p = .026 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .195 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1609.500, z = 1.334, p = .182 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .463 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 1229.000, z = .772, p = .440 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .146, p = .129 
*expected count <5 for one or more cells 
 
Table 7.  Statistical results of the relationship of OA on the medial condyle of the 
right tibia in males. 
 
 
The relationship of OA of the lateral condyle on the left tibia in females and males 
 
 To examine the relationship of OA of the lateral condyle of the left tibia to body 
mass among females and males, Chi-square test for independence, Spearman’s rank-order 
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correlation, and Mann-Whitney U tests were performed.  There was a weak positive 
correlation between all categories of BMI and OA scores of the lateral condyle on the left 
tibia in females (rs = .235, p = .035), and a moderate positive correlation with calculated 
BMI scores (rs = .276, p = .013).  After the BMI categories were collapsed into obese and 
not obese, a statistically significant association was found with the collapsed OA scores 
of absent or present (p = .020).  The distribution of OA scores was also significant among 
the obese and not obese categories (p = .033).  No statistically significant relationships 
were found between OA and the collapsed BMI categories of overweight and not 
overweight or age.  See Table 8 for the results of all tests performed. 
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Females – OA Lateral Condyle (Left Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .235, p = .035 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .276, p = .013 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .020 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 889.500, z = 2.129, p = .033 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .119 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 931, z = 1.469, p = .142  
 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .660 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 610.500, z = -.278, p = .781 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .075, p = .509 
*expected count <5 for one or more cells 
 
Table 8.  Statistical results of the relationship of OA on the lateral condyle on the 
left tibia in females. 
 
 Tests performed on males yielded no statistically significant relationships 
between the prevalence of OA on the lateral condyle of the left tibia and BMI or age.  See 
Table 9 for detailed results.  
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Males – OA Lateral Condyle (Left Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .104, p = .280 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .103, p = .283 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
* 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 1187.000, z = 1.831, p = .067 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .604 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1546.500, z = .941, p = .347 
 
Chi-square Age (older/younger) 
OA (absent/present) 
* 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 1260.000, z = 1.254, p = .210 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .087, p = .368 
*expected count <5 for one or more cells 
Table 9.  Statistical results of the relationship of OA on the lateral condyle on the 
left tibia in males. 
 
 
The relationship of OA of the medial condyle on the left tibia in females and males 
 
 To examine the relationship of OA of the medial condyle of the left tibia to body 
mass among females and males, Chi-square test for independence, Spearman’s rank-order 
correlation, and Mann-Whitney U tests were performed.  Chi-square tests of 
independence found statistically significant association between OA at this location and 
the BMI categories obese and not obese (p = .038), as well as overweight and not 
overweight (p = .005).  There was a moderate positive correlation between OA and all 
categories of BMI (rs = .321, p = .004) and calculated BMI scores (rs = .319, p = .004).  
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The distribution of OA across the collapsed BMI categories obese and not obese was 
statistically significant (p = .017), as well as the overweight and not overweight 
categories (p = .003).  No statistically significant relationships were found between OA at 
this location and age.  See Table 10 for detailed results. 
 
Females – OA Medial Condyle (Left Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .321, p = .004 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .319, p = .004 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .038 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 933.000, z = 2.396, p = .017 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .005 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1085.000, z = 3.012, p = .003 
 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .463 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 594.000, z = -.455, p = .649 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .023, p = .839 
*expected count <5 for one or more cells 
Table 10.  Statistical results of the relationship of OA on the medial condyle on the 
left tibia in females. 
 
 There was no statistically significant relationships found between OA of the 
medial condyle of the left tibia and BMI or age in males.  See Table 11 for exact values 
of all tests performed. 
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Males – OA Medial Condyle (Left Tibia) 
Test Variables Results 
 
Chi-square BMI (all categories) 
OA (absent/present) 
* 
Spearmans BMI (all categories) 
OA (score 0-3) 
rs = .146, p = .128 
 
Spearmans BMI (calculated) 
OA (score 0-3) 
rs = .157, p = .101 
 
 
Chi-square BMI (obese/not obese) 
OA (absent/present) 
p = .161 
Mann-Whitney U BMI (obese/not obese) 
OA (score 0-3) 
U = 1199.500, z = 1.657, p = .098 
 
 
Chi-square BMI (overweight/not overweight) 
OA (absent/present) 
p = .338 
Mann-Whitney U BMI (overweight/not overweight) 
OA (score 0-3) 
U = 1547, z = .796, p = .426 
 
Chi-square Age (older/younger) 
OA (absent/present) 
p = .476 
Mann-Whitney U Age (older/younger) 
OA (score 0-3) 
U = 1231.000, z = .778, p = .436 
 
Spearmans Age (in years) 
OA (score 0-3) 
rs = .110, p = .255 
*expected count <5 for one or more cells 
Table 11.  Statistical results of the relationship of OA on the medial condyle on the 
left tibia in males. 
 
The relationship of cross-sectional ratios of the femur in males and females 
 
 A Pearson's product-moment correlation was run to assess the relationship 
between BMI and the calculated ratio of the A-P and M-L measurement at each location 
(20%, 35%, 50%, 65%, and 80%) along the diaphysis of the femur.  When testing males 
and females separately, no correlation was found between BMI and the ratio of any 
location along the femora (20%, 35%, 50%, 65%, or 80%).  After the sexes were pooled, 
there was a small negative correlation between BMI and the ratio at 20% (p = .002), 50% 
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(p = .001), and 80% (p = .016).  A moderate negative correlation was found between 
BMI and the ratio at 65% (p = .000).  See Table A1 in the Appendix for r values. 
 The relationship between stature and the calculated ratios of the femur along the 
diaphysis was also performed.  The results of the Pearson’s product-moment correlation 
test found no correlations between stature and the ratio at any location along the femora 
among females or males.  A small negative correlation between stature and the ratio at 
80% (p = .022) was found after the sexes were pooled.  See Table A1 in the Appendix for 
all values. 
 A Pearson’s product-moment correlation test was also performed to examine the 
relationship between the length of the femur and the calculated ratios along the diaphysis.  
No correlations were found among females or males.  After pooling the sexes, a small 
positive correlation was found between the length of the femora and the ratio at 20% (p = 
.024), and a small negative correlation at the 80% ratio (p = .047).  See Table A1 in the 
Appendix for detailed results.      
 
The relationship of A-P measurements of the femur in males and females 
 
 Analysis of variance (ANOVA) tests were performed to examine the relationship 
between the A-P measurements of the femora taken along the diaphyses at each location 
(20%, 35%, 50%, 65%, and 80%) and the collapsed BMI categories of overweight and 
not overweight, as well as the collapsed age categories of older and younger.  Extreme 
outliers were detected by inspection of boxplot values and removed if greater than 1.5 
box-lengths from the edge of the box.  A-P measurements at each location were normally 
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distributed for all combinations of BMI and age categories, as assed by Shapiro-Wilk’s 
test (p>.05).   
 There was no statistically significant interaction between the collapsed categories 
of BMI and the collapsed categories of age on the A-P measurements of the femur at any 
location in females (p>.05), allowing each effect to be evaluated separately.  In testing 
the main effects, there was no statistically significant difference between BMI or age and 
the A-P measurements at any location.  See Table 12 for exact F and p values. 
 ANOVA tests of males found no statistically significant interaction between BMI 
and age on the A-P measurements of the femur at any location (p>.05).  In testing the 
main effects, a statistically significant difference between the collapsed BMI categories 
and the A-P measurements were found at the 50% (F(1, 104) = 5.211, p = .024) and 65% 
(F(1, 104) = 5.721, p = .019) locations.  No statistically significant differences between 
overweight and not overweight individuals and the remaining locations of the femur were 
found.  After testing the main effects of older and younger individuals, a statistically 
significant difference was found between these age categories and the A-P measurements 
at the 80% location on the femora (F(1, 104) = 10.571, p = .002).  See Table 12 for all 
values.       
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 ANOVA 
 Femoral Anteroposterior (AP) 
  Females Males 
Location (%) Variable d.f. F p-value d.f. F p-value 
20 Age 1 .962 .330 1 2.402 .124 
 BMI 1 .760 .386 1 .061 .805 
 Age X BMI 1 .003 .954 1 .497 .483 
35 Age 1 1.826 .181 1 .891 .348 
 BMI 1 .550 .461 1 2.055 .155 
 Age X BMI 1 .264 .609 1 .099 .753 
50 Age 1 1.932 .169 1 .118 .732 
 BMI 1 .876 .352 1 5.211 .024 
 Age X BMI 1 .465 .498 1 .060 .807 
65 Age 1 1.504 .224 1 1.285 .260 
 BMI 1 .005 .945 1 5.721 .019 
 Age X BMI 1 .005 .944 1 .430 .514 
80 Age 1 .295 .588 1 10.571 .002 
 BMI 1 .155 .695 1 1.283 .260 
 Age X BMI 1 .297 .587 1 .047 .829 
*Age = Younger (<55 years)/Older (≥55 years), BMI = Not Overweight (BMI≥25)/Overweight (BMI<25) 
 
Table 12.  ANOVA results for examination of femoral A-P measurements, BMI, and 
age. 
 
The relationship of M-L measurements of the femur in males and females 
 
Analysis of variance (ANOVA) tests were performed to examine the relationship 
between the M-L measurements of the femora taken along the diaphyses at each location 
(20%, 35%, 50%, 65%, and 80%) and the collapsed BMI categories of overweight and 
not overweight, as well as the collapsed age categories of older and younger.  Extreme 
outliers were detected by inspection of boxplot values and removed if greater than 1.5 
box-lengths from the edge of the box.  M-L measurements at each location were 
examined for normal distribution for all combinations of BMI and age categories, as 
assed by Shapiro-Wilk’s test (p>.05).  Females categories as older and not overweight 
were not normally distributed at the 50% (p = .019) or 35% (p = .047) locations.  
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 Results of the ANOVA test of females found no statistically significant 
interaction between BMI and age on the M-L measurements of the femur at any location 
(p>.05).  This allowed each effect to be evaluated separately.  In testing the main effects, 
a statistically significant difference between the collapsed BMI categories and the M-L 
measurements were found at the 35% (F(1, 77) = 8.199, p = .005), 50% (F(1, 78) = 23.227, p 
= .000), 65% (F(1, 77) = 30.656, p = .000), and 80% (F(1, 77) = 11.892, p = .001) regions.  
See Figure 13 for plotted M-L means by BMI category.  No statistically significant 
differences were found between the age categories and the M-L measurements at any 
location (p>.05).  See Table 13 for exact F and p values. 
 
 
Figure 13.  Mean M-L measurements of the femur along the diaphysis of females.  
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 The ANOVA results on males found no statistically significant interaction 
between BMI and age on the M-L measurement of the femur at any location (p>.05).  
Main effects were tested for BMI and age.  A statistically significant difference between 
the BMI categories and the M-L measurements were found at the 20% (F(1, 107) = 5.530, p 
= .021), 50% (F(1, 106) = 9.760, p = .002), 65% (F(1, 106) = 10.681, p = .001), and 80% (F(1, 
106) = 7.467, p = .007) locations.  See Figure 14 for plotted M-L measurement means by 
BMI category.     
 
 
Figure 14.  Mean M-L measurements of the femur along the diaphysis of males. 
 
 
The 35% region of the femora was the only location where no statistically significant 
difference was found.  Statistically significant differences were also found between all 
locations of the femora and the age categories (p>.05).  See Table 13 for all results 
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          ANOVA 
 Femoral Mediolateral (ML) 
  Females Males 
Location (%) Variable d.f. F p-value d.f. F p-value 
20 Age 1 .012 .913 1 4.537 .035 
 BMI 1 1.900 .172 1 5.530 .021 
 Age X BMI 1 .778 .380 1 .197 .658 
35 Age 1 .042 .839 1 5.138 .025 
 BMI 1 8.199 .005 1 3.356 .070 
 Age X BMI 1 2.115 .150 1 .574 .450 
50 Age 1 1.630 .205 1 7.789 .006 
 BMI 1 23.227 .000 1 9.760 .002 
 Age X BMI 1 1.432 .235 1 .189 .665 
65 Age 1 2.007 .161 1 7.696 .007 
 BMI 1 30.656 .000 1 10.681 .001 
 Age X BMI 1 .694 .407 1 .015 .902 
80 Age 1 2.213 .141 1 4.416 .038 
 BMI 1 11.892 .001 1 7.467 .007 
 Age X BMI 1 .080 .778 1 .588 .445 
*Age = Younger (<55 years)/Older (≥55 years), BMI = Not Overweight (BMI≥25)/Overweight (BMI<25) 
 
Table 13. ANOVA results for examination of femoral M-L measurements, BMI, and 
age. 
 
 
The relationship of DISH, OA of the tibia, and the cross-sectional ratios of the femur in 
females and males 
 
 Multiple regressions were conducted to examine the relationship between BMI 
and DISH, OA of the tibial condyles, and the calculated ratios along the diaphyses of the 
femora (see Table 14 for a list of variables and definitions).  Males and females were 
tested separately, and dummy variables (absent or present) were used for all ordinal 
pathologies.  The assumptions of linearity, independence of errors, homoscedasticity, 
unusual points and normality of residuals were all met.  Collinearity was evaluated by 
examining the correlation results of the independent variables, Tolerance, and VIF.  
Among the male sample, collinearity was present with the 50% ratio variable (VIF > 10); 
however, it was determined that no significant impact was present on the final predictive 
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model.  In addition, some collinearity was expected with the variables representing 
locations along the femur, as the measurements were taken consecutively along the 
diaphyses.  Finally, the predictor model for each test was subsequently tested for 
accuracy using 20% of each sample.  Basic descriptive statistics for both sexes can be 
seen in Table 15. 
 
Variable Definition 
DISH Diffuse idiopathic skeletal hyperostosis 
TLM OA Medial condyle of the left tibia 
TLL OA Lateral condyle of the left tibia 
TRM OA Medial condyle of the right tibia 
TRL OA Lateral condyle of the right tibia 
20% Ratio A-P/M-L ratio at the 20% location of the femur 
35% Ratio A-P/M-L ratio at the 35% location of the femur 
50% Ratio A-P/M-L ratio at the 50% location of the femur 
65% Ratio A-P/M-L ratio at the 65% location of the femur 
80% Ratio A-P/M-L ratio at the 80% location of the femur 
Table 14.  Variables used in the multiple regression tests and their definitions. 
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 Females (n = 77) Males (n = 108) 
 Mean SD Mean SD 
BMI 30.21 11.15 26.46 6.06 
DISH .16 .37 .29 .45 
TLM OA .36 .48 .21 .41 
TLL OA .25 .43 .14 .35 
TRM OA .32 .47 .21 .41 
TRL OA .26 .44 .10 .30 
20% Ratio 81.12 5.18 82.95 5.66 
35% Ratio 100.08 7.54 100.27 6.74 
50% Ratio 108.39 10.92 109.49 7.99 
65% Ratio 106.62 13.65 105.62 8.36 
80% Ratio 101.55 11.05 97.57 8.07 
Table 15.  Basic descriptive statistics for females and males. 
 
The multiple regression model for females with all ten variables was statistically 
significant for BMI, F(10, 66) = 4.462, p = .000, adj. R2 = .31.  All ratios of the femoral 
cross-sections were negatively correlated with BMI (p<.01) (see Table 16 for a summary 
of all correlation results and values).  Only the lateral condyle of the right tibia and the 
cross-sectional ratios of the femur at the 35%, 50%, and 65% locations had significant 
partial effects in the full model (p<.05).  The remaining predictor variables were not 
significant (p>.05).  The final model was able to account for 31% of the variance in BMI.  
A test for accuracy was performed using the model and 20% of the original sample 
(selected using a random number generator).  The final accuracy rate was 78.48%.  Table 
17 provides the results of the multiple regression analysis for females, including specific 
values.  
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FEMALES 
 
BMI DISH 
TLM 
OA 
TLL 
OA 
TRM 
OA 
TRL 
OA 
20% 35% 50% 65% 
DISH 1.34          
TLM 
OA 
.083 .122         
TLL 
OA 
.004 .169 .507**        
TRM 
OA 
.009 .161 .687** .632**       
TRL 
OA 
-.090 .317** .537** .623** .665**      
20% 
Ratio 
-.284** -.163 .003 .065 .051 .031     
35% 
Ratio 
-.454** -.278** .016 -.024 -.006 -.024 
.732*
* 
   
50% 
Ratio 
-.422** -.400** -.039 -.078 -.109 -.185 
.411*
* 
.790**   
65% 
Ratio 
-.499** -.324** -.093 -.128 -.135 
-
.211* 
.306*
* 
.637** 
.897*
* 
 
80% 
Ratio 
-.327** -.198* .099 .014 .132 .044 .261* .429** 
.553*
* 
.714** 
Table 16.  Correlations between BMI and predictor variables for females. 
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Note:  B = unstandardized regression coefficient; SE B = standard error of the coefficient; β = standardized coefficient 
1Predictors:  80% Ratio, TLL OA, DISH, 20% Ratio, TLM OA, 50% Ratio, TRL OA, TRM OA, 35% Ratio, 65% 
Ratio   
Table 17.  Multiple regression results for females. 
 
The model for males with all ten variables was statistically significant for BMI, 
F(10, 97) = 2.400, p = .014, adj. R2 = .12.  The medial and lateral condyles on the right 
tibiae were positively correlated with BMI (p<.05).  In contrast to the female sample, 
only the cross-sectional ratio at the 20% region of the femur was correlated (p<.05).  
Table 18 provides all correlation results and values.  In the full model, only the ratios at 
the 20% and 35% regions of the femur had significant partial effects (p<.01).  The ten 
predictor model was only able to account for 12% of the variance in BMI.  A test for 
Females 
Variable B SE B β p 
DISH 2.800 3.352 .092 .407 
TLM OA 3.548 3.096 .154 .256 
TLL OA .319 3.463 .012 .927 
TRM OA -.318 3.765 -.013 .933 
TRL OA -7.805 3.691 -.309 .038 
20% Ratio .148 .336 .069 .660 
35% Ratio -.779 .356 -.527 .032 
50% Ratio .821 .333 .805 .016 
65% Ratio -.898 .244 -1.100 .000 
80% Ratio .242 .157 .240 .128 
     
R .6351    
R2 .403    
Adjusted R2  .313    
     
BMI = 78.671 + (2.8*DISH) + (3.548*TLM OA) + (.319*TLL OA) – (.318*TRM OA) – (7.805*TRL 
OA) + (.148*20% Ratio) – (.779*35% Ratio) + (.821*50% Ratio) – (.898*65% Ratio) + (.242*80% 
Ratio) 
     
Accuracy rate:  78.48% 
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accuracy was also performed using the model and 20% of the original sample.  The final 
accuracy rate was 84.37%.  See Table 19 for the results of the multiple regression 
analysis. 
 
MALES 
 
BMI DISH 
TLM 
OA 
TLL 
OA 
TRM 
OA 
TRL 
OA 
20% 35% 50% 65% 
DISH .062          
TLM OA .131 .070         
TLL OA .121 -.196* .314**        
TRM OA .164* -.030 .448** .314**       
TRL OA .225* .057 .273** .307** .498**      
20% Ratio -.162* -.039 -.114 -.111 -.122 -.025     
35% Ratio .099 -.090 -.041 -.073 .028 .037 .735**    
50% Ratio .116 -.163* .032 -.026 .123 .131 .234** .621**   
65% Ratio .049 -.037 .020 .025 .173* .199* .076 .331** .757**  
80% Ratio -.048 .151 -.026 .036 .071 .091 .004 .083 .139 .496** 
Table 18.  Correlations between BMI and predictor variables for males. 
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Note:  B = unstandardized regression coefficient; SE B = standard error of the coefficient; β = standardized coefficient 
2Predictors:  80% Ratio, 20% Ratio, TRL OA, DISH, TLM OA, 50% Ratio, TLL OA, TRM OA, 65% Ratio, 35% 
Ratio 
Table 19.  Multiple regression results for males. 
 
 
 
 
  
 
Males 
Variable B SE B β p 
DISH 1.198 1.310 .090 .363 
TLM OA .365 1.560 .025 .815 
TLL OA 1.059 1.808 .061 .560 
TRM OA -.369 1.715 -.025 .830 
TRL OA 3.910 2.175 .196 .075 
20% Ratio -.602 .163 -.562 .000 
35% Ratio .544 .176 .604 .003 
50% Ratio -.098 .161 -.129 .545 
65% Ratio .009 .138 .013 .945 
80% Ratio -.087 .090 -.115 .337 
     
R .4452    
R2 .198    
Adjusted R2  .116    
     
     
BMI = 39.145 + (1.198*DISH) + (.365*TLM OA) + (1.059*TLL OA) – (.369*TRM OA) + (3.910*TRL 
OA) – (.602*20% Ratio) + (.544*35% Ratio) – (.098*50% Ratio) + (.009*65% Ratio) – (.087*80% 
Ratio) 
     
Average difference between BMI and predicted BMI:  84.37% 
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CHAPTER 5:  DISCUSSION 
From this data, four important patterns emerged.  First, significant differences 
occur between the sexes in regards to body mass and the occurrence of DISH and the 
location of OA on the tibial plateau.  Second, an increased prevalence of DISH was found 
among overweight and obese females, but was correlated more strongly with age in 
males.  Third, the occurrence of OA on the tibial plateau was significantly related to 
obesity in females, and less so in males.  Finally, distinct differences were found between 
the cross-sectional dimensions of the femur in overweight versus not overweight females 
and males.  The results of this study were comparable to previous research, particularly 
those conducted by Moore (2008) and Agostini and Ross (2011).  The following will 
discuss each specific variable examined, including comparisons with previous research.  
A conclusion, along with points for future research, will be presented in Chapter 6. 
   
DISH 
DISH is a pathological condition where fusion of the vertebral column occurs due 
to the ossification of the anterior longitudinal ligament along the right anterior portion of 
the vertebral bodies.  The prevalence of DISH among obese individuals has been 
attributed to the effects of high circulating levels of insulin on osteoblast activity (Denko 
and Malemud, 2005).  In Moore’s (2008) study, obese individuals were found to be eight 
times more likely to have DISH than other BMI categories.  The results of this study 
found the presence of DISH to occur three times more frequently in obese females.  
While no correlation was found between DISH and age in the female sample, the 
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distribution of the pathology across older and younger women was not the same.  The 
prevalence of DISH among older females was higher than those under the age of 55 
years.    
Significantly different results were achieved with the male sample in this study.  
The results of this analysis found no significant relationships between DISH and BMI.  In 
contrast, statistical tests consistently found significant relationships between DISH and 
age.  In particular, the incidence of DISH occurred much more frequently in males over 
the age of 55 years in contrast to younger individuals. The reason BMI was not found to 
be significant remains unclear, but it is likely that age plays as a confounding factor that 
remains difficult to tease apart from potential relationships with body mass.  In addition, 
the techniques used to observe and score DISH in this study where modeled after the 
methods used by Moore (2008).  The qualitative nature of this method could lead to 
distinct scoring differences by independent observers.  This is magnified by the fact that 
no standard protocols exists for classifying differences between mild, moderate, and 
severe cases.  Taphonomic effects could also play a part in accurately scoring the degree 
and prevalence of DISH in dry skeletal remains, where vertebrae may no longer have 
signs of fusion where it once had occurred.   
  
OA of the tibia 
Previous research has found the incidence of DISH and OA to co-occur (Sarzi-
Puttini and Atzeni, 2004).  In addition, an increasing number of studies have found strong 
correlations between OA and obesity, despite confounding factors of age and physical 
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activity (Felson et al., 1989; Mannienen et al., 1996; Ford et al., 2005; Sharma et al., 
2006; Moore, 2008).  The results of this study found unique patterns in the occurrence of 
OA across the BMI categories and sexes.  While obese individuals in both sexes had a 
higher incidence of OA on the medial condyles of the right tibia, discrepancies were 
found among the prevalence on the remaining condyles of the tibial plateau.  
In males, an increase in the presence and severity of OA of the lateral condyle of 
the right tibia was associated with increased BMI scores, but the same tests found no 
significance among females.  Conversely, OA of the lateral condyle of the left tibia was 
associated with increased BMI scores in females, but not in males.  A similar pattern was 
found regarding the medial condyle of the left tibia.  The prevalence of OA on this 
condyle was associated with increased BMI scores in females, but no relationships were 
found among the male sample.  In the multiple regression model, only the lateral condyle 
on the right tibia in females significantly contributed to the prediction of BMI. 
While the differences of OA between males and females has yet to be thoroughly 
evaluated, previous research has indicated that the condition occurs more frequently in 
women than men (Felson et al., 1988).  The results of this study support these findings, as 
well as the prevalence of the condition among obese populations.  Biomechanical studies 
involving gait patterns and sit-to-stand movements observed compensatory mechanisms 
among obese individuals that were directly attributed to asymmetry and misalignment of 
the knee leading to increased risks of OA at this location (Messier et al., 1996; Sharma et 
al., 2000).   The changes to the alignment of the joint alter the moment of force on the 
distribution of the total load placed upon the knee to compensate for the increased body 
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weight and adipose tissue, particularly along the inner thigh (Browning and Kram, 2007; 
Lai et al, 2008).  As additional strain and torque are placed upon the knee, the risk of 
meniscal tearing increases, resulting in OA (Ford et al., 2005).  Continued studies are 
needed to examine the varying pattern and distribution of OA between males and 
females.  While the prevalence on the medial condyles is relatively consistent, further 
research is necessary to explain the noted differences.  Moore (2008) suggested the 
difference of location on the condyles as being attributed to potential leg preference 
between the sexes.  Further research is necessary to examine this proposal. 
 
Cross-sectional dimensions of the femur 
 If bone shape can be altered by the strains placed upon it, then differences in the 
morphology of the femur in obese individuals should be present.  Supporting concepts of 
BFA, the changes in cross-sectional dimensions are attributed to the mechanical 
compensation and stress related to the additional weight causing the strain threshold of 
the bone to be exceeded (Ruff, 1981; Spyropoulos et al., 1991).  Biomechanical studies of 
obese individuals have noted significantly different strategies in gait and sit-to-stand 
movements in obese individuals to reduce the moment about the knee and energy 
expenditure (Spyropoulos et al., 1991).  The altered forces placed upon the femur support 
the correlation of a medial to lateral widening of the diaphysis. 
 In this study, significant relationships were found between BMI and the M-L 
cross-sections of the diaphysis of the femora in both males and females.  In males, M-L 
dimensions of the femur in overweight individuals was consistently larger than not 
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overweight individuals along the entire diaphysis.  When reviewing the mean M-L 
measurements taken from the female sample, differences were found along most 
locations of the diaphysis, except at the 20% region.  All other regions, especially at the 
50% and 65% locations, the M-L dimensions were significantly larger in overweight 
individuals compared to not overweight.  In the multiple regression models that 
incorporated both pathological variables and the cross-sectional dimensions of the 
femora, only the ratios at 35%, 50%, and 65% significantly statistically contributed to the 
prediction of BMI in females, and only the ratios at 20% and 35% for males. 
 These findings are consistent with previous research conducted by Moore (2008) 
and Agostini and Ross (2011).  In 2011, Agostini and Ross published their research 
investigating the effect of body weight using external measurements of the femur 
exclusively.  Akin to Moore (2008), Agostini and Ross (2011) found M-L dimensions of 
the femur in overweight males to be significantly larger.  While Moore (2008) found the 
differences in cross-sectional geometry to be more significant at the proximal end of the 
femur, Agostini and Ross (2011) noted significantly larger M-L dimensions along the 
entire diaphysis except at the 20% region.  The findings of Agostini and Ross (2011) 
parallel the results for the female sample used in this study, but contrast with the male 
group.  In this investigation, differences were noted throughout the diaphysis of males.      
 In the research conducted by Moore (2008), the strongest correlation between 
body mass and cross-sectional area was found at the proximal section of the femora.  
However, the M-L measures incorporated into her final regression tree indicated an 
overall widening along the entire diaphysis in obese individuals.  In contrast to the 
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present study, Moore’s (2008) investigation employed different methods for analyzing 
the cross-sectional dimensions of the femur.  According to Moore (2008), CT scans and 
3-D computer modeling were used to enable robust statistical analysis of the cross-
sectional geometry.  The author also conceded that the use of CT scans was not necessary 
for future research, as the cross-sectional dimensions could be evaluated through the use 
of instruments such as sliding calipers.  The effectiveness of this has been exemplified by 
both Agostini and Ross (2011) and the present study. 
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CHAPTER 6:  CONCLUSION 
 The ability to estimate body mass from human skeletal remains with a high 
degree of accuracy would be significant for the identification of identifying unknown 
individuals in a forensic anthropology context, documenting secular change in modern 
populations, and evaluating the prevalence in prehistoric populations.  Significant studies 
that have contributed to identifying extremes in body mass include the investigations 
conducted by Ruff (1991) in his search for non-destructive methods for analyzing the 
cross-sectional geometry of the femur, Moore’s (2008) holistic approach in the 
incorporation of a suite of traits for identifying extremes in body mass, and Agostini and 
Ross’s (2011) evaluation of human body weight and the external cross-sectional 
dimensions of the femur.  The present study adds to the body of this research.  As a 
collective whole, the results indicate it is possible to estimate modern human body mass 
from skeletal remains, but not without some obstacles. 
 BMI assessments are inherently flawed, as the mode of calculation does not 
account for tissue composition.  For example, a highly athletic individual could have the 
same BMI score as someone that is obese, simply because their height and weight are the 
same.  This poses some difficulty when trying to discern appropriate traits to incorporate 
into body mass estimation techniques that are directed towards identifying extremes in 
body mass.  This is exemplified in the incorporation of pathological conditions such as 
DISH and OA, both of which have been correlated to obesity, but hinge on a number of 
confounding factors.   
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In the case of DISH, the relationship with obesity has been associated with 
increased levels of circulating insulin and the effect it has on osteoblast activity.  While 
obese populations are inclined towards an increased prevalence of Type II diabetes and 
related pathological outcomes, the prevalence of these conditions would differ among 
athletic individuals with the same BMI.  In the present study, DISH was found to be 
associated with the BMI of women, but not men.  Among the male sample, the 
relationship of DISH and age was more prevalent.  While the reason for these results 
remains unclear, there is a potential for differences in sexes to occur due to different 
tissue composition and activity levels.  The discrepancy of these finding exemplifies the 
need for ongoing research into the etiology of DISH and it’s relevancy in future body 
mass estimation techniques. 
Further research is also needed in evaluating age and sex differences in the 
presentation of OA on the tibial plateau.  The present study supports previous findings 
that indicate an increased prevalence and severity of OA on the medial condyles, but only 
bilaterally in females.  Discrepancies between the sexes were found for the remaining 
condyles, where obesity was associated with OA of the lateral and medial condyles of the 
left tibia in females and only the right lateral condyle in males.  Biomechanical analysis 
involving gait and sit-to-stand movements corroborate the findings for the medial aspects 
of the tibial plateau due to alterations in the force upon the knee and changes in 
locomotion patterns, but do not provide clarity on pattern differences seen in this study.  
The ability to distinguish the distribution and pattern of OA in obese individuals from 
those induced by other forms of trauma is also highly relevant.  
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The biomechanical model incorporates engineering principles (beam theory) and 
accepted BFA models in analyzing the cross-sectional geometry of long bones.  
Previously, significant M-L widening along the femoral diaphysis among overweight and 
obese individuals was documented by Ruff (1991), Moore (2008), and Agostini and Ross 
(2011).  This study further supports these findings, as the mean M-L dimensions at each 
location along the diaphysis showed significant widening among overweight individuals, 
except the 20% region in females.  External measurement of the femur were the most 
consistent results in this study.  Other methods incorporated varied among the sexes or 
were complicated by confounding factors such age.   
This study attempted to shed light on current body mass estimation techniques by 
evaluating the study published by Moore (2008) and utilizing methods used by Agostini 
and Ross (2011) for cross-sectional geometry.  Several drawbacks were experienced in 
this study, particularly related to sample size.  Chi-square analyses of the data were not 
possible using many different combinations of collapsed variables due to not meeting the 
minimum cell frequencies.  In addition, the mean age range for males and females in this 
study was between 62 and 65 years.  The inclusion of a higher percentage of younger or 
middle age adults, may reveal additional findings relevant to future body mass estimation 
methods. 
Other considerations for future research include a better understanding of bone 
remodeling rates, particularly as they relate to rapid weight gain or loss, and the effects of 
obesity and emaciation on the juvenile skeleton.  These aspects will become increasingly 
relevant in modern populations, and the ability to identify the effects of body mass on the 
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human skeleton will be compounded by increased prevalence of the obesity among 
younger populations and available treatment options.  Additional insight into the effects 
of weight on the human skeleton along with the ability to estimate body mass with a high 
degree of accuracy would be a significant asset to the field of anthropology and aid in our 
understanding of other intricate aspects of our biology.    
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APPENDIX 
 
Correlations  
Variables Females Males Males and Females 
Weight & 
Stature r = .444, p = .000 r = .374, p = .000 - 
Age r = -.400, p = .000  r = -.144, p = .133  - 
Age & 
BMI r = -.318, p = .004 r = -.129, p = .170 - 
BMI &  
Ratio at 20% r = .025, p = .822 r = -.151, p = .116  r = -.225, p = .002 
Ratio at 35% r = -.069, p = .542 r = .159, p = .098 r = -.097, p = .183 
Ratio at 50% r = -.108, p = .337 r = .105, p = .276 r = -.235, p = .001 
Ratio at 65% r = -.204, p = .067 r = .034, p = .721 r = -.304, p = .000 
Ratio at 80% r = -.074, p = .512 r = -.043, p = .654 r = -.175, p = .016 
Stature &  
Ratio at 20% r = .110, p = .329  r = -.067, p = .487 r = .087, p = .235 
Ratio at 35% r = .105, p = .351 r = .041, p = .667 r = -.007, p = .925 
Ratio at 50% r = .118, p = .296 r = .066, p = .493 r = .071, p = .329 
Ratio at 65% r = .047, p = .674 r = .187, p = .050 r = -.006, p = .932 
Ratio at 80% r = -.010, p = .926 r = .124, p = .198 r = -.166, p = .022 
Femur length &  
Ratio at 20% r = .199, p = .075 r = .041, p = .671 r = .165, p = .024 
Ratio at 35% r = .199, p = .075 r = .085, p = .378 r = .061, p = .407 
Ratio at 50% r = .212, p = .057 r = .078, p = .422 r = .142, p = .052 
Ratio at 65% r = .142, p = .206 r = .170, p = .078 r = .040, p = .583 
Ratio at 80% r = .066, p = .558 r = .070, p = .467 r = -.145, p = .047 
    
 
Table A1.  Results of Pearson’s product-moment correlation tests.  Cross-sectional 
ratios of the femur were calculated using the anteroposterior (A-P) and mediolateral 
(M-L) measurement taken along the diaphyses of the femora (AP/ML*100). 
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